The plant sucrose transporter SUT1 from Solanum tuberosum revealed a dramatic redox-dependent increase in sucrose transport activity when heterologously expressed in Saccharomyces cerevisiae. Plant plasma membrane vesicles do not show any change in proton flux across the plasma membrane in the presence of redox reagents, indicating a SUT1-specific effect of redox reagents. Redox-dependent sucrose transport activity was confirmed electrophysiologically in Xenopus laevis oocytes with SUT1 from maize (Zea mays). Localization studies of green fluorescent protein fusion constructs showed that an oxidative environment increased the targeting of SUT1 to the plasma membrane where the protein concentrates in 200-to 300-nm raft-like microdomains. Using plant plasma membranes, St SUT1 can be detected in the detergent-resistant membrane fraction. Importantly, in yeast and in plants, oxidative reagents induced a shift in the monomer to dimer equilibrium of the St SUT1 protein and increased the fraction of dimer. Biochemical methods confirmed the capacity of SUT1 to form a dimer in plants and yeast cells in a redox-dependent manner. Blue native PAGE, chemical cross-linking, and immunoprecipitation, as well as the analysis of transgenic plants with reduced expression of St SUT1, confirmed the dimerization of St SUT1 and Sl SUT1 (from Solanum lycopersicum) in planta. The ability to form homodimers in plant cells was analyzed by the split yellow fluorescent protein technique in transiently transformed tobacco (Nicotiana tabacum) leaves and protoplasts. Oligomerization seems to be cell type specific since under native-like conditions, a phloem-specific reduction of the dimeric form of the St SUT1 protein was detectable in SUT1 antisense plants, whereas constitutively inhibited antisense plants showed reduction only of the monomeric form. The role of redox control of sucrose transport in plants is discussed.
INTRODUCTION
It has previously been reported that sucrose transporter function is severely affected by thiol group modifying agents (Lichtner and Spanswick, 1981; Bourquin et al., 1990) . Sucrose uptake in soybean (Glycine max) cotyledons is sensitive to the sulfhydrylmodifying compounds N-ethylmaleimide (NEM) and p-chloromercuribenzenesulfonate (pCMBS), and the thiol-reducing agent DTE fully reverses the pCMBS inhibition but not that of NEM (Lichtner and Spanswick, 1981) . Measurements using Vicia faba leaf discs revealed that treatment with Cys or dithioerythreitol reversed inhibition by pCMBS pretreatment (M'Batchi and Delrot, 1984) . Observations with plasma membrane vesicles (PMVs) from sugar beet (Beta vulgaris) showed that diethylpyro-carbonate binding was substrate protectable, whereas pCMBS activity was not linked to substrate binding (Bush, 1989 (Bush, , 1993 .
It was also shown that sodium sulfite (SO 2 ) affects sucrose uptake in PMVs of Vicia faba without affecting the two components of the proton motive force, the delta pH, and the membrane potential DC. Moreover, sulfite did not inhibit the H + -pumping ATPase of the PMVs, suggesting a direct inhibition of the sucrose carrier (Maurousset et al., 1992) .
Yeast cells transformed with a plasmid expressing the sucrose transporter So SUT1 from spinach (Spinacia oleracea) showed a pH-dependent uptake of sucrose with a K m of 1.5 mM, which could be inhibited by maltose, a-phenylglucoside, carbonyl cyanide m-chlorophenylhydrazone, and pCMBS (Riesmeier et al., 1992) . Similar transport characteristics are described for the potato (Solanum tuberosum) sucrose transporter SUT1 with a K m of 1 mM (Riesmeier et al., 1993; Boorer et al., 1996) . St SUT1 is the main sucrose transporter in potato plants responsible for phloem loading, as demonstrated in transgenic plants with lowered St SUT1 levels (Riesmeier et al., 1994; Kü hn et al., 1996) . St SUT1 belongs to the major facilitator superfamily and transduces free energy from the proton motive force into a substrate concentration gradient by transporting sucrose in symport with a proton (Boorer et al., 1996) .
Protein-protein interactions play an important role in the function and regulation of proteins in general. The function of many bacterial and mammalian membrane transport proteins is coupled to their oligomeric state (reviewed in Veenhoff et al., 2002) . Preliminary evidence for oligomerization of sucrose transporter proteins from tomato (Solanum lycopersicum) has been obtained using the yeast two-hybrid split-ubiquitin system (Reinders et al., 2002) .
Our aim is to elucidate the effect of redox reagents on the specific activity of plant sucrose transporters. Here, we report on the reversible regulation of the SUT1 transport activity in plant and yeast using a variety of biochemical methods. We employed transport and targeting assays, blue native PAGE (BN-PAGE), chemical cross-linking, immunoprecipitation, bimolecular fluorescence complementation (BiFC), immunolocalization and the analysis of transgenic plants with reduced expression of St SUT1 to probe the structure and function of the protein. We show that oxidation of the St SUT1 protein drastically increases its activity and affects its targeting in yeast. The increase in activity and the plasma membrane targeting are paralleled by a change in the oligomeric state of the transporter. Interestingly, plasma membrane targeting of the transporter in yeast is more efficient in the presence of oxidizing agents, and the protein becomes concentrated in 200-nm lipid raft-like microdomains. St SUT1 was detected in the detergent-resistant membrane (DRM) fraction from plants, and whether SUT1 is raft associated in plants is discussed.
RESULTS

Oxidizing Agents Increase the Rates of Sucrose Uptake in Yeast
To analyze the impact of redox reagents in the sucrose transport activity of St SUT1, we performed sucrose uptake experiments in yeast in the presence or absence of reducing or oxidizing agents. In the presence of reducing agents such as DTT or reduced GSH, the SUT1 uptake characteristics are decreased by 50% or even more compared with the untreated transporter ( Figure 1A) . The opposite effect can be observed upon oxidation of the transporter. After only 5 min of preincubation of yeast cells with L-cystine, the rate of uptake was ;10-fold higher than after preincubation with Cys ( Figure 1B ). Oxidized glutathione (GSSG) had an even more pronounced stimulating effect ( Figure 1C ). Application of protonophores, like CCCP, resulted in the complete loss of sucrose uptake even in the presence of 10 mM oxidized glutathione ( Figure 1C ), indicating that sucrose transport catalyzed by the oxidized SUT1 is still proton coupled as previously shown for the reduced form of the transporter (Boorer et al., 1996) .
This redox-dependent inhibition of the SUT1 activity is reversible, since the inhibitory effect of DTT at 10 mM can be reversed by application of only 5 mM of GSSG ( Figure 1D ). The K 0.5 of GSSG was determined by testing different concentrations of glutathione (1, 5, 10, 20 , and 50 mM oxidized glutathione). The K 0.5 value of oxidized glutathione GSSG was determined to be 3 mM in the presence of 1 mM sucrose ( Figure 1E ). The optimal DTT-to-GSSG ratio was determined in yeast ( Figure 1F ), and sucrose uptake was optimal at 9 mM GSSG to 1 mM DTT, indicating that the presence of an electron donor is required for optimal redox activation.
Determination of the K m and V max of SUT1 under oxidizing conditions revealed that the K m was 1 mM, which corresponds to the value reported by our group for this transporter and published data of SUT1 homologs (Riesmeier et al., 1993) . By contrast, the V max was increased by a factor of ;10 compared with the values reported and measured in our laboratory ( Figure 1G ; Boorer et al., 1996) .
Redox Control Affects Targeting and Function in Yeast
The prominent increase in SUT1-mediated sucrose uptake in yeast upon application of oxidizing agents might be caused by conformational changes of the protein and by inter-and/or intramolecular disulfide formation, but in part also by differences in localization. To test the hypothesis that efficient targeting of the SUT1 protein to the plasma membrane was affected by the redox state of the environment, we analyzed a functional Sl SUT1-green fluorescent protein (GFP) fusion (Reinders et al., 2002) in yeast in the presence or absence of reducing or oxidizing agents. Sl SUT1-GFP was previously shown to be functional in sucrose uptake and is able to complement a sucrose uptake-deficient yeast mutant (Reinders et al., 2002; Lalonde et al., 2003) . Yeast cells expressing Sl SUT1-GFP yielded GFP fluorescence at the plasma membrane and in intracellular perinuclear, most likely endoplasmic reticulum (ER)-derived, membranes (Kü hn, 2003) . Up to 60% of the total fluorescence was retained intracellularly in endomembranes (as determined with LCS software; Leica). Staining with 4',6-diamidino-2-phenylindole confirmed the perinuclear localization (Kü hn, 2003) . In the presence of H 2 O 2 , L-cystine, or GSSG, most of the intracellular GFP fluorescence disappeared within 30 min (only 20% of the total fluorescence remained intracellularly), and GFP became distributed nonhomogenously in concentrated spots at the surface of the cell (Figures 2B, 2D, and 2F) . As a control, localization under reducing conditions using DTT, GSH, or Cys showed homogenous distribution of Sl SUT1-GFP at the yeast plasma membrane and, in addition, GFP fluorescence in intracellular compartments (Figures 2A, 2C, and 2E) . Similar microdomains in the plasma membrane that appeared upon oxidation have previously been described for other plant membrane proteins and endogenous transporters expressed in yeast (Grossmann et al., 2006 (Grossmann et al., , 2007 . The diameter of Sl SUT1-GFP microdomains was estimated to be 200 to 300 nm. The sucrose uptake mediated by the Sl SUT1-GFP fusion protein in the presence of GSSG is also inducible by application of oxidizing agents as shown for the St SUT1 protein without GFP ( Figure 1H ).
As previously suggested for the hexose transporter HUP1 from Chlorella kessleri (Grossmann et al., 2006) , SUT1 activity may have been affected by its concentration in raft-like compartments and the accompanying specific lipid environment. To confirm this hypothesis, a yeast mutant deficient in ergosterol biosynthesis, erg6, was used for transformation with the Sl (A) Uptake in the presence of 10 mM DTT (squares) or 10 mM GSH (triangles) compared with the empty vector control (inverse triangles) and to the untreated control (circles). Reducing conditions slightly inhibit sucrose uptake mediated by SUT1. (B) Uptake in the presence of 5 mM L-cystine (squares) or 5 mM Cys (circles). Samples were taken 1, 2, 3, and 5 min after addition of 14 C-sucrose. (C) Uptake after 5 min of preincubation with 10 mM reduced (triangles) or oxidized glutathione (GSSG; squares). Uptake measured with the empty vector pDR195 in SUSY7 (inverse triangles) or after addition of 10 mM CCCP (circles) is indicated. Triangles, inverse triangles, and circles are overlapping.
(D) Inhibition of the St SUT1-mediated 14 C-sucrose uptake by 5 mM DTT is reversible by application of 5 mM GSSG after 40 s (arrow). (E) Determination of the K 0.5 of GSSG. 14 C-sucrose uptake after 5 min of preincubation with different concentrations of glutathione is shown. Cells were energized by addition of glucose in a final concentration of 10 mM 1 min before uptake experiments. Uptake experiments were performed in 25 mM Na-phosphate, pH 5.4. The K 0.5 of GSSG was calculated to be 3 mM.
(F) Determination of the optimal DTT-to-GSSG ratio for uptake. Experiments were performed in the presence of 10 mM DTT or GSSG, or both in a ratio of 9:1 mM, 7:3 mM, 5:5 mM, 3:7 mM, and 1:9 mM GSSG:DTT. SUT1-GFP fusion construct. It was previously shown for other raft-associated proteins like the hexose transporter HUP1 that they are not concentrated in raft-like microdomains if expressed in the erg6 mutant (Grossmann et al., 2006) . Sl SUT1-GFP is also no longer associated with raft-like structures in the erg6 mutant, even in the presence of 10 mM H 2 O 2 ( Figures 3A and 3B ). However, the amount of intracellular GFP fluorescence is decreased in the erg6 mutant as observed before in the yeast mutant SUSY7 if cells are treated with oxidizing agents ( Figure  3B ). Thus, plasma membrane (PM) targeting of the GFP fusion protein is unaffected in the erg6 mutant, whereas organization in raft-like compartments is disturbed. Methyl-b-cyclodextrin, which is known to inhibit raft formation by cholesterol depletion, was shown to destroy H 2 O 2 -induced raft localization of Sl SUT1-GFP (see Supplemental Figure 1 online). A homogenous distribution of Sl SUT1-GFP at the yeast PM was observed.
Whereas in plants the nature and function of lipid raft-like structures are not very well investigated, the function of rafts in the mammalian system is related to signaling and oligomerization, and the raft-dependent endocytosis of membrane proteins is well documented (Ikonen, 2001; Parton and Richards, 2003; Laude and Prior, 2004; Hanzal-Bayer and Hancock, 2007; Lajoie and Nabi, 2007) . To test whether lipid raft localization of SUT1 is related to endocytic events, yeast cells expressing a Sl SUT1-GFP fusion construct were exposed to brefeldin A, which is known to prevent exocytosis and to induce endocytic events (Samaj et al., 2004; Murphy et al., 2005) . Indeed brefeldin A induces vesicle formation in the yeast strain SUSY7, which is able to form raft-like structures ( Figure 3C ).
The Oligomeric State of St SUT1 Expressed in Yeast
For many integral PM proteins, it has been reported that dimerization or tetramerization is a prerequisite for their efficient ER export and/or that PM targeting depends on their oligomeric state (Mikosch et al., 2006; Maurel, 2007) . Two-hybrid studies in yeast revealed the capacity of Sl SUT1 to form homo-and heteromers (Reinders et al., 2002) . To test whether raft association and PM targeting of the sucrose transporter is related to its oligomeric form, we performed BN-PAGE with yeast cells treated as described before for uptake measurements.
Yeast cells expressing St SUT1 were pretreated exactly as done in prior uptake measurements. The microsomal fraction of yeast cells was separated by SDS-PAGE. When reducing agents were omitted during isolation and purification, an additional protein band of high molecular mass was detectable after immunodetection with St SUT1-specific antibodies. It is pro-posed that this protein band represents the dimeric form of SUT1 ( Figure 3D ). A strong increase of this additional higher molecular mass band is observed when yeast cells have been pretreated with H 2 O 2 or GSSG and equal amounts of total protein are loaded on SDS-PAGE ( Figure 3D ).
The fraction of dimeric St SUT1 was observed only when reducing agents were absent during the PM extraction and protein purification steps. These experiments indicate that homodimerization of St SUT1 occurred likely without additional plant-specific factors and that one or more intermolecular disulfide bonds in SUT1 could be readily formed in the heterologous expression system.
The Proton Flux across the Plant PM Is Not Affected by Redox Reagents
Sucrose-proton cotransport across the PM is driven by the proton motive force (pmf), which is defined by the membrane potential and the proton gradient and thus by the activity of proton-pumping PM ATPases. To exclude that the stimulating effect on the sucrose transporter activity is due to enhanced proton flux across the membrane mediated by H + -ATPases or other proton pumping activities, we measured the total proton flux across the plant PM in response to various redox reagents via acridine orange quenching ( Figure 4A ). No increase in proton flux over the plant PM was observed. Thus, we can exclude that increased St SUT1 activity by oxidizing agents might be due to secondary effects on the proton gradient.
Increased Sucrose Transport Activity Is Observed Even at Constant Membrane Potential
It is already known and described in the literature that both GSH and GSSG affect the membrane potential, not only in the animal system but also in plant cells like broad bean protoplasts, and that uptake of GSH and GSSG induce ion movements over the PM (Jamai et al., 1996) . A depolarization of the PM potential of broad bean mesophyll protoplasts can be observed upon GSH or GSSG uptake. To exclude that the strong effect of GSSG on sucrose transport activity might be due to secondary effects on the proton motive force, it is therefore not sufficient to analyze the effect of redox reagents on the DpH as done in Figure 4A , but also to analyze sucrose uptake activity at constant membrane potential. The most reliable method is therefore electrophysiological voltage-clamp experiments with constant holding potential. Since the sucrose-induced currents mediated by (G) Determination of the K m value of SUT1 after induction with 5 mM GSSG. The K m was unaffected upon activation with 3 mM GSSG, whereas the V max increases at least 10-fold. (H) 14 C-sucrose uptake into yeast strain SUSY7 catalyzed by St SUT1 (triangles) and Sl SUT1-GFP (squares) in the presence of 10 mM GSSG. The Sl SUT1-GFP fusion construct is functional in sucrose uptake, and the uptake is inducible by GSSG. In each experiment, the SD of at least three independent uptake experiments is given. The sucrose concentration was 1 mM in each experiment except for (G).
St SUT1 are in the nA range (Boorer et al., 1996) , we decided to perform these kinds of electrophysiological measurements with the homologous gene from maize (Zea mays), Zm SUT1, which is very well characterized and shows much higher sucroseinduced currents (in the mA range; Carpaneto et al., 2005) . Two electrode voltage-clamp experiments were performed with Xenopus laevis oocytes expressing Zm SUT1, and sucrose-induced currents were recorded at various pHs with or without 1 mM GSSG ( Figure 4B ). At a holding potential of 270 mV and at acidic pH of 5.5, the sucrose-induced currents mediated by Zm SUT1 were twice as high in the presence of GSSG than in its absence ( Figure 4B ). Thus, we can exclude that neither changes of the DpH nor of the DC are responsible for increased sucrose transport activity by SUT1 proteins. The redox control of SUT1 proteins is not due to secondary effects on the proton motive force.
St SUT1 Targeting in Plants
Immunolocalization of St SUT1 and Sl SUT1 in plants revealed an uneven distribution of the protein in fresh, longitudinal, unfixed stem sections. In Figure 5A , the projection of a z-stack of confocal images of two sieve elements is shown after decoration with St SUT1-specific antibodies. Unfixed in vitro-grown pollen tubes from tomato plants show a punctuated staining pattern upon immunolocalization of Sl SUT1 ( Figure 5B ).
Infiltrated tobacco (Nicotiana tabacum) leaves with a St SUT1-GFP fusion construct under control of the cauliflower mosaic virus 35S promoter did not only label the PM of epidermal cells but also endomembranes ( Figure 5C ). Coinfiltration with an ER marker protein (HDEL-mCherry) clearly demonstrates colocalization of St SUT1-GFP with the ER ( Figure 5C ).
As shown in yeast cells ( Figure 3C ), the targeting of the St SUT1-GFP construct in infiltrated tobacco leaves is sensitive to brefeldin A treatment ( Figure 5D ). Simultaneous incubation of infiltrated leaves with brefeldin A along with cycloheximide to inhibit de novo protein biosynthesis for 2 h leads to internal vesicle formation ( Figure 5H ). The half-life of the St SUT1 protein is very short (Kü hn et al., 1997; He et al., 2008) . Therefore, vesicles detected under these conditions are most likely due to endocytic events, rather than to inhibited vesicle fusion to the PM.
The effect of brefeldin A was also analyzed on embedded and fixed stem and leaf tissue. Prior to fixation, the potato plant material was preincubated with 50 mM brefeldin A for 1 h. Immunolocalization of St SUT1 revealed the presence of vesiclelike structures close to the PM of sieve elements both in longitudinal stem sections (Figures 5F and 5G) and in sieve elements of source leaf minor veins ( Figures 5H and 5I) .
Thus, targeting of St SUT1 to the PM of plant cells is most likely a reversible process, and the distribution of St SUT1 over the PM of mature sieve elements and pollen tubes is hetorogeneous. Leaf samples without preincubation with brefeldin A show homogenous labeling of the sieve element PM ( Figure 5J ).
St SUT1 Is Detectable in the DRM Fraction from Potato
The presence of Sl SUT1-GFP fusion protein in lipid raft-like microdomains in yeast raises the question of whether SUT1 is a raft protein in plants. Because sphingolipid/cholesterol-rich liposomes were found to be insoluble in mild nonionic detergents such as Triton X-100 (TX100) at 48C, the low-density TX100insoluble membrane fractions are thought to reflect the in vivo composition of lipid microdomains (Simons and Ikonen, 1997; Brown and London, 1998) . Lipid raft domains are thus defined as TX100-insoluble membranes and can easily be prepared from plant PMs (Mongrand et al., 2004; Lefebvre et al., 2007) . Proteomics studies identified large numbers of raft proteins in plants; among them are proteins involved in signaling, cellular trafficking, or cell wall functions, whereas those involved in membrane transport are only poorly represented (Borner et al., 2005; Lefebvre et al., 2007) . Evidence also exists for the Confocal laser scanning microscopy of yeast cells expressing a Sl SUT1-GFP fusion construct in the strain SUSY7 using GFP-specific filter settings. Prior to the imaging analysis, yeast cells were treated for 30 min with 10 mM DTT (A), 10 mM H 2 O 2 (B), 5 mM L-Cys (C), or 5 mM L-cystine (D). presence of a complete PM redox system in the lipid rafts (Lefebvre et al., 2007) . The DRM fraction from potato PMs was isolated via sucrose density ultracentrifugation ( Figure 6A ). Immunoblotting of proteins from DRMs revealed not only a band corresponding to the monomeric form of the St SUT1 protein, but an additional band corresponding to the molecular mass of the dimeric form ( Figure 6B ). By contrast, no St SUT1 protein was detectable in the soluble fraction containing the TX100-soluble proteins after 20 h of ultracentrifugation ( Figure  6B ). St SUT1 protein was enriched in the DRM fraction compared with the PM fraction when equal amounts of proteins were loaded ( Figure 6C ).
BN-PAGE Revealed a Dimeric Form of the St SUT1 Protein in Planta
To exclude that dimerization of St SUT1 observed in yeast is simply the consequence of heterologous overexpression of the protein, the St SUT1 protein was solubilized with n-dodecylb-maltoside (DDM) from plant PMVs. St SUT1 is a highly hydrophobic protein with a GRAVY score of 0.618 and a basic pI of 9.24. The effect of different DDM concentrations on St SUT1 migration behavior was analyzed. For this purpose, PMVs isolated from S. tuberosum source leaves were solubilized at DDM concentrations ranging from 0.2 to 2%, and the solubilized samples were subjected to BN-PAGE. St SUT1 protein was visualized by immunodetection using St SUT1-specific antibodies. St SUT1, which was isolated and electrophoretically separated under mild, native-like conditions at high protein concentrations (18 mg/mL) and at a high protein-to-detergent ratio (200 mg of total protein and 0.2% of DDM), yielded two distinct bands in BN-PAGE ( Figure 7A ). Two-dimensional SDS-PAGE, following BN-PAGE, clearly showed that both complexes separate into a 46-kD band, the apparent molecular mass of monomeric SUT1 ( Figure 7B ).
When St SUT1 was isolated and electrophoresed under more stringent conditions at a low protein concentration (0.2 mg/mL) and low protein-to-detergent ratio (20 mg of total protein and 2% DDM), only a single band, most likely the monomeric form, was observed. Thus, the equilibrium of the two St SUT1 species is shifted toward the low molecular mass fraction when increasing concentrations of DDM are used during preparation. Separation of the solubilized St SUT1 complex under native-like conditions overnight on a large (155-mm) 4 to 16% BN-PAGE gel also resulted in two bands that were recognized by the St SUT1specific antibody ( Figure 7B ).
Similar results were obtained when PMVs were prepared from S. lycopersicum. Immunodetection after BN-PAGE revealed a monomeric and a dimeric band of the tomato sucrose transporter Sl SUT1 when PMs were solubilized with high protein-to-detergent ratios (200 mg of total protein and 0.2% of DDM; Figure 7A ).
The electrophoretic mobility on BN-PAGE of LacS, XylP, EIIMtl, and soluble marker proteins has been determined under conditions very similar to those used here . The approximate molecular masses of the lower and higher St SUT1 complexes were 99 and 213 kD, respectively, with respect to the soluble marker proteins. Heuberger et al. (2002) found that the migration of LacS, XylP, and other membrane transport proteins on BN-PAGE was overestimated by a factor of ;1.8 in comparison to the migration of soluble marker proteins. Using the conversion factor of 1.8, the molecular mass of St SUT1 is 54 kD for the lower and 119 kD for the higher migrating band. These values are in agreement with the calculated molecular mass of 55 kD for the monomer and 110 kD for the dimer (see Supplemental Figure 2 online).
Confirmation of St SUT1 Dimerization by Alternative Methods
o-Phtalaldehyde (OPA) has been widely used as a short (»4 Å ) chemical cross-linker. OPA reacts with thiols and primary amines yielding highly fluorescent 1-alkylthio-2-alkylisoindoles. The compound has been successfully used to determine the interaction between the subunits of Na + , K + -ATPases (Khan et al., 1996; Or et al., 1998) . In this study, we have treated solubilized PMs from potato wild-type plants with OPA. We observed a cross-linked, dimeric St SUT1 protein complex after separation on a SDS-PAGE in wild-type plants ( Figure 7C ) and additional higher molecular complexes in samples with or without crosslinker. The monomeric form of the SUT1 protein appears as a double band, which is most likely due to posttranslational modifications. The activity of sucrose transporter proteins is known to (A) Proton flux in plant PMVs in response to redox reagents and nigericin. Proton pumping activities are unaffected in plant cells if redox reagents (NAD, GSSG, DTT, and H 2 O 2 ) are supplied at equal pH after 5 min (arrow). Nigericin was applied after 10 min (arrowhead) (B) Representative current recording from a Xenopus oocyte expressing Zm SUT1 at À70 mV holding potential. Transporter currents were evoked by perfusion at pH 7.4 or 5.5 in the presence or absence of 20 mM sucrose as schematically indicated by the perfusion scheme above the current trace, either in absence or presence of 1 mM GSSG. The experiment was conducted five times with oocytes from three different batches. The induction factor (current with 1 mM GSSG/current without GSSG) was 1.82 6 0.17 (SD). be regulated via phosphorylation/dephosphorylation (Roblin et al., 1998) . Reducing agents like DTT or b-mercaptoethanol led to dissociation of the dimeric protein ( Figure 7D) , whereas in the absence of DTT, some dimeric St SUT1 was detectable after SDS-PAGE ( Figure 7D ). Thus, in plants, St SUT1 is readily crosslinked via one or more native Cys pairs that must reside at the dimer interface.
To test whether the complex that was formed by chemical cross-linking corresponds to dimeric St SUT1 or St SUT1 in complex with another protein, immunoprecipitation with purified St SUT1-specific antiserum was performed. Protein gel blot analysis of the precipitated proteins with SUT1-, SUT2-, and SUT4-specific antibodies revealed the monomeric and the dimeric form of SUT1 using SUT1 antibodies ( Figure 7E ) but no immunoreacting band with SUT2 or SUT4 antibodies (data not shown). Thus, immunoprecipitation together with protein gel blot analysis argue for homodimerization of St SUT1 in planta. 
Homodimerization of St SUT1 in Plant Cells Visualized by BiFC
The technique of BiFC for visualization of protein-protein interactions in plant cells is based on the formation of a fluorescent complex from two nonfluorescent fragments of the yellow fluorescent protein (YFP), which are brought together by association of interacting proteins fused to different halves of the YFP molecule (Walter et al., 2004) . Various complementary sets of expression vectors, which enable protein interaction studies in transiently or stably transformed cells, are available for the visualization of the subcellular sites of protein interactions (Walter et al., 2004) . BiFC was used to confirm the capacity of Sl SUT1 to form homodimers in transiently or stably transformed plant cells ( Figures 8A and 8B) . As a negative control, coexpression of Sl SUT1 together with the PM potassium channel TPK4 from Arabidopsis thaliana (kindly provided by K. Czempinsky) in the BiFC vector 35S-SPYNE did not result in reconstitution of a fluorescent YFP molecule ( Figure 8C ).
Oligomerization in Transgenic Plants with Reduced St SUT1 Expression
Immunolocalization of St SUT1 in wild-type potato plants showed the highest expression of St SUT1 in sieve elements (Kü hn et al., 1997) , but it cannot be excluded that St SUT1 is also expressed in cells other than phloem (Lemoine et al., 1996; Weise et al., 2008) . Antisense plants with phloem-specific inhibition of St SUT1 expression using the companion cell-specific rolC promoter showed a strong phenotype, including leaf chlorosis, reduced growth, and reduced development of sink organs . BN-PAGE of PMs prepared from phloemspecific inhibited St SUT1 antisense plants revealed a strong reduction of the dimeric band compared with wild-type plants ( Figure 8D ), whereas in antisense plants with constitutive reduction of St SUT1 expression, only the monomeric form of the protein was reduced. The dimer-to-monomer ratio in potato plants ranges between 0.5 and 0.7. In constitutively inhibited St SUT1 antisense plants, the ratio is shifted toward values above 0.7, whereas in rolC antisense plants, the dimer-to-monomer ratio is lowered to values between 0.1 and 0.3. Phloem-specific SUT1 inhibition apparently leads to reduction of mainly the dimeric but not of the monomeric form of the protein.
DISCUSSION
Redox Control of Transporter Activity
All previously reported SUT1-mediated sucrose uptake measurements most probably correspond to the monomeric form of the protein (Riesmeier et al., 1993; Boorer et al., 1996) . We show in this report that in the presence of oxidizing agents, sucrose uptake can be stimulated at least 10-fold ( Figure 1) . Organic redox reagents, such as oxidized glutathione and L-cystine, strongly enhanced St SUT1-mediated sucrose uptake, and the increased rates of transport were reached immediately after the addition of the oxidants. This increase is due to an increase in the V max , while the K m remained constant. Oxidation of SUT1 proteins might be a posttranslational regulatory mechanism allowing an increased flexibility of the transporter. The redoxdependent activation of the St SUT1 and Zm SUT1 proteins was an immediate effect, as shown by sucrose uptake studies in yeast as well as in Xenopus oocytes (Figures 1 and 4) . The increased targeting of Sl SUT1-GFP to the PM in the presence of GSSG or other oxidizing agents took much longer, and the final partitioning was reached only after 30 min of incubation with the oxidants (Figure 2) . Thus, the strong increase in sucrose transport activity is not explained solely by more efficient targeting of the protein to the PM under oxidizing conditions. We suggest rapid conformational changes in the protein induced either by inter-or intramolecular disulfide bridges as the main contributors to the rise in the uptake activity. Interestingly, the redox-dependent activation by oxidized glutathione showed a K 0.5 of 3 mM, which is close to the physiological concentration of glutathione in the phloem sap of several plants (Szederké nyi et al., 1997) . Reversible redox regulation is a possibility to transiently inhibit or activate sucrose transport activity.
Redox Control of Membrane Protein Targeting
It is known for other membrane proteins that targeting to the PM can be affected by the cellular redox state. For instance, disulfide bridges in the Na + , K + -ATPase play a role in the assembly of the protein when it exits the ER and travels to the PM, where the protein is catalytically active (Laughery et al., 2003) . For several other membrane proteins that are able to form multimers, oligomerization was shown to be a prerequisite for the export from the ER and for correct PM targeting (Gao and Dean, 2000; Liang et al., 2004; Salahpour et al., 2004) . Intra-and intermolecular disulfide bridges together were shown to be important for the structure and functions of the human multidrug resistance transporter ABCG2 (Henriksen et al., 2005) . In mitochondria, a disulfide relay system catalyzes the import of proteins into the intermembrane space by an oxidative folding mechanism (Mesecke et al., 2005) , and for immunoglobulins free thiol groups play a role in the transport through the secretory pathway and the quality control (Alberini et al., 1990; Fra et al., 1993) . For St SUT1, it is already described that the sucrose transport activity can be abolished by addition of thiol modifying agents such as pCMBS or NEM (Riesmeier et al., 1992) .
In yeast cells, the oxidation of St SUT1 increased its targeting to the PM as shown by the GFP fusion constructs and the protein's organization in lipid raft-like structures (Figures 2B, 2D,  and 2F ). Such lipid domains in yeast cells are known for endogenous yeast transporters as well as for heterologously expressed plant membrane proteins (Malinska et al., 2003; Grossmann et al., 2006) . On the contrary, endogenous yeast H + -ATPase Pma1p was found in membrane compartments called MCP (for membrane compartment occupied by Pma1p), exhibiting a network-like pattern (Grossmann et al., 2007) . Thus, it is unlikely that St SUT1 colocalizes with the endogenous pmf-producing Pma1p. Nevertheless, the increase in pmf-dependent sucrose uptake was dramatic and paralleled the increased repartitioning of St SUT1 at the PM (Figures 1 and 2) . Lipid rafts have been proposed to facilitate oligomeric interactions to separate signaling components or to affect the function of membrane proteins via a different lipid environment (Grossmann et al., 2006) . Interestingly, the concentration of the Sl SUT1-GFP fusion construct in lipid raft-like structures is disturbed in the yeast ergosterol erg6 mutant, whereas the increase in PM targeting in the presence of oxidizing agents can still be observed in the Derg6 mutant ( Figures 3A and 3B) , arguing for two distinct phenomena.
The presence of St SUT1 dimers in the detergent-resistant membrane fraction of potato PMs is a strong argument to consider St SUT1 as a plant raft protein. It cannot be excluded that St SUT1 organization in membrane raft-like compartments is related to the cellular trafficking of the protein and the regulation of its activity via redox regulators. Recently, a proteomic approach with root PMs from Medicago truncatula revealed the presence of a complete raft-associated redox system (Lefebvre et al., 2007) .
Oligomerization and PM Targeting
It is described for several plant membrane proteins that oligomerization is a prerequisite for ER export and/or PM targeting. Tetramerization of the potassium channel KAT1 via a diacidic motif is needed for ER export (Mikosch et al., 2006) , and recent studies on aquaporins from maize revealed the requirement for heterodimerization to be exported from the ER and to be targeted to the PM (Maurel, 2007) . Further localization studies in St SUT1 in plants will answer the question whether redoxdependent targeting of the sucrose transporter is restricted to yeast cells or can also be observed in plant cells.
In a recent study, it was shown that expression of a membrane-anchored fluorescent protein under control of the companion cell-specific At SUC2 promoter illuminates the sieve element PM in Arabidopsis and tobacco (Thompson and Wolniak, 2008) . It is discussed whether the transport of the membrane-anchored protein occurs through the desmotubules connecting the ER network of the companion cells and the sieve elements followed by additional vesicular transport to the sieve element PM. Fluorescence of the membrane-anchored fusion protein is also detected in vesicle-like structures in the mature sieve elements (Thompson and Wolniak, 2008) . A similar route is now suggested for the targeting of St SUT1.
Oligomeric State of St SUT1 in Yeast and Plants
The potential of St SUT1 to form homodimers in plant cells was shown by BN-PAGE and by YFP reassembly (BiFC assay) in infiltrated tobacco leaves and protoplasts. Heterologous expression of St SUT1 in Saccharomyces cerevisiae also revealed the potential of the protein to dimerize. Clearly, additional plantderived factors are not required for homodimerization. The monomer to dimer equilibrium of the purified St SUT1 protein depends on the concentration of the detergent used during the purification procedure.
Quantification of the affinity of homo-and heterodimerization of the sucrose transporters from tomato was performed by b-galactosidase activity assay and showed that the affinity of homooligomers of two SUT1 subunits is twice as high than the heterooligomerization between SUT1 and SUT4, and 4 times higher than between SUT1 and SUT2 (Reinders et al., 2002) . Therefore, the formation of SUT1 homodimers is more likely than the formation of heterodimers. However, formation of heterodimers cannot be excluded by the presented experiments.
St SUT1 Oligomerization in Transgenic Plants
Under native-like conditions, a phloem-specific reduction of the dimeric form of the St SUT1 protein was detectable in St SUT1 antisense plants, whereas constitutively inhibited antisense plants showed only reduction of the monomer. These observations argue for the presence of dimeric St SUT1 in the phloem, where the protein's main function is the secondary active transport of sucrose against a steep concentration gradient into the sieve element lumen. Apparently, the ability to oligomerize is related to the cell type where St SUT1 is expressed: the monomeric St SUT1 being dominant in cells other than phloem tissue, while the dimeric St SUT1 is preferentially present in phloem sieve elements.
Redox Control in Mature Sieve Elements
The thiol-disulfide status of plant cells has fundamental effects on plant metabolism (Kolbe et al., 2006) , and the activity of many sucrose metabolizing enzymes shows redox-dependent regulation. For instance, the key enzyme in starch synthesis, the ADPglucose pyrophosphorylase (AGPase), is shown to be redox regulated and active in the monomeric but inactive in the dimeric form (Hendriks et al., 2003) . Recent work revealed a redoxdependent posttranslational regulation of the sucrose-metabolizing sucrose synthase, which acts as multimeric complex that is substrate inhibited by fructose (Marino et al., 2008) . The St SUT1 protein has been localized and is functional in phloem sieve elements (Kü hn et al., 1997) , and all three known sucrose transporters from potato follow a circadian clock oscillation . One of the major proteins in the phloem sap of rice (Oryza sativa) is thioredoxin h, a plant thiol-disulfide oxidoreductase (Ishiwatari et al., 1995) . Thioredoxin h is discussed to contribute to a light-dependent long-distance thiol signal being generated in leaves and thereby connecting metabolic processes in sink organs with photosynthetic activity in source organs (Balmer et al., 2006) . Thioredoxin h is also discussed to play a role in circadian clock regulation and is shown to be light induced (Lemaire et al., 1999 (Lemaire et al., , 2002 .
The phloem-specific P-proteins PP1 and PP2 from Cucurbitaceae are redox-sensitive proteins whose precipitation could indicate a drop of the redox potential in the sieve elements. They are responsible for redox-dependent gelation of the phloem sap upon application of oxidative agents (Alosi et al., 1988) .
In mature sieve elements, a complete antioxidant defense system has been detected (Walz et al., 2002) , and activity of superoxide dismutase, monodehydroascorbate reductase, and peroxidase could be shown. In addition, activity of several antioxidant enzymes, such as superoxide dismutase, dehydroascorbate reductase, and peroxidase, could be demonstrated in phloem exudates. Ascorbate and glutathione, as well as thioredoxin and glutaredoxin, are also detectable in the phloem sap (Szederké nyi et al., 1997; Franceschi and Tarlyn, 2002) . Thus, all requirements of a systemically translocated redox signal via the phloem translocation stream are met.
The phloem sap is highly reducing, and a protective role for damage by oxidative stress is provided (Franceschi and Tarlyn, 2002) . Since the apoplasmic space is less reducing than the phloem sap in the lumen of the sieve elements, it is likely that disulfide bonds might be formed extracellularly. The redox potential of the apoplasmic space undergoes drastic changes upon various forms of biotic and abiotic stresses. It is known that pathogens are able to induce changes in the antioxidant status in the apoplast (Bolwell et al., 2001; Hu et al., 2005; Diaz-Vivancos et al., 2006) and that dehydroascorbate, glutathione, superoxide dismutase, catalase, ascorbate peroxidase, glutathione reductase, monodehydroascorbate reductase, and dehydroascorbate reductase are present in the apoplast (Vanacker et al., 1998 ). An inducible glutathione S-transferase was also localized in the apoplast of soybean hypocotyls (Flury et al., 1996) .
The relative amount of GSSG has for a long time been overestimated. Recently, the dynamic live imaging of the glutathione redox potential revealed nanomolar changes in GSSG against a backdrop of millimolar GSH on a short time scale leading to the assumption that GSSG might act as a second messenger (Gutscher et al., 2008) .
We conclude that redox-dependent posttranslational modification of SUT1 induces an immediate increase in sucrose transport capacity and affinity. PM targeting of SUT1 in yeast as well as in plants is reversible by application of brefeldin A. In yeast cells, SUT1-GFP accumulates in microdomains, and in plants, St SUT1 comigrates with the DRM fraction in a sucrose gradient. It is suggested that raft association of St SUT1 might be related to oligomerization and/or PM recycling and endocytosis of the protein.
The redox sensitivity of the sucrose transporter SUT1 might represent an additional possibility to transduce long-distance information about the oxidative status in leaves in form of the sucrose molecule. Thus, we present one further possibility of how the transformation between redox signaling and sucrose signaling might be achieved in higher plants.
METHODS
Plant Growth Conditions
Solanum tuberosum DÈ sirÈ e and Solanum lycopersicum Moneymaker were grown in the greenhouse in a cycle of 16 h light (228C) and 8 h darkness (158C) in 60% humidity. Additional illumination was provided by high-pressure sodium lamps (SON-T Green Power) and metal halide lamps (MASTER LPI-T Plus; Philips). Generation of phloem specifically and constitutively inhibited St SUT1 antisense potato plants was described previously (Riesmeier et al., 1994; Kü hn et al., 1996) .
Construction of Split YFP Plasmids
Split YFP experiments were basically performed as described (Walter et al., 2004) . Sl SUT1 was amplified by PCR with Phusion proofreading polymerase (New England Biolabs) using the following primers: Sl SUT1 was cloned via XbaI and KpnI in the pUC-derived SPYNE vector using the forward primer 59-AGAATCTAGAATGGAGAATGGT-39 and reverse primer 59-ATTTGGTACCATGGAAACCGCC-39, and via XbaI and SmaI in the 35S-SPYNE vector using the above-mentioned forward primer together with the primer 59-TTCCCGGGATGGAAACCGCCCAT-39. PCR products were analyzed by restriction digestion and partial sequencing. All split YFP vectors (pUC-SPYNE, pUC-SPYCE, 35S-SPYNE, and 35S-SPYCE) were kindly provided by Klaus Harter (Walter et al., 2004) . Fusion of Sl SUT1 to GFP used for uptake and targeting experiments in yeast was described previously (Reinders et al., 2002) . The Sl SUT1-GFP fusion was cloned via GATEWAY technology in the vector pDR196-GATEWAY kindly provided by D. Rentsch (Bern, Switzerland) and used for transformation of the erg6 yeast mutant (Mata, his3D1, leu2D0, lys2D0, ura3D0YML008c:: kanMX4; Euroscarf) . The St SUT1-GFP construct used for tobacco (Nicotiana benthamiana) leaf infiltration experiments was generated by cloning the St SUT1 coding region in a pCF203-derived plasmid with a modified multiple cloning site (detailed description in Chincinska et al., 2008) . St SUT1 was amplified with primers with restriction sites for KpnI and EcoRV and cloned in the modified pCF203 linearized with BamHI, blunted, and redigested with KpnI.
Transformation of Protoplasts and Infiltration of N. benthamiana and S. tuberosum Leaves Transformation of tobacco protoplasts with pUC-derived BiFC plasmids was basically performed as described (Andrews and Curtis, 2005) using Sl SUT1-pUC-SPYNE and Sl SUT1-pUC-SPYCE. Transient expression of 35S-BiFC constructs in infiltrated tobacco leaves was performed as described (Walter et al., 2004) using Sl SUT1-35S-SPYNE, Sl SUT1-35S-SPYCE, and TPK4-35S-SPYCE (kindly provided by Katrin Czempinski). Fluorescence was detected 24 to 48 h after infiltration with a confocal laser scanning microscope (TCS SP2; Leica) using YFP-specific filter settings and excitation at 514 nm.
Isolation of Plant PMVs
Plant PMVs were purified from a microsomal fraction from tomato or potato plants by two-phase partitioning as described (Larsson, 1985) . The crude PM fraction was enriched using an aqueous two-phase system (6.6% PEG/6.6% Dextran) (Bush, 1989) , and the total protein concentration was estimated by the Lowry method (Bio-Rad).
The proton flux in response to H 2 O 2 , DTT, GSSG, NAD, and nigericin (10 mM in each case) was measured with inside out PMVs after treatment with Bri58 by acridine orange quenching at 495 nm as described elsewhere (Palmgren and Sommarin, 1989; Palmgren, 1990) .
The DRM fraction was prepared exactly as described elsewhere (Morel et al., 2006) . PMs were resuspended in buffer A containing 50 mM Tris-HCl, pH 7.4, 3 mM EDTA, and 1 mM DTT and treated with 1% TX100 (w/v) for 30 min on ice with gentle shaking every 10 min. Solubilized membranes were placed at the bottom of a centrifuge tube and mixed with 60% sucrose (w/w) to reach a final concentration of 48% (w/w) and overlaid with a discontinuous sucrose gradient (40, 35, 30, and 20% [w/w] ). After centrifugation for 20 h at 100,000g, a ring of TX100-insoluble membranes was recovered at the 30 to 35% interface, diluted in buffer A, and centrifuged for 4 h at 100,000g. The pellet was resuspended in buffer A, and protein concentrations were determined using the Lowry method with BSA as the standard.
Isolation of the Microsomal Fraction from Yeast Cells
Yeast cells were harvested by centrifugation and resuspended in 1 mL of cold protein extract lysis Buffer (50 mM Tris-Cl, pH 7.5). After the addition of 300 mL of glass beads, cells were disrupted mechanically by vigorous vortexing for 7 3 30 s and cooled on ice between vortexing. Membranes were collected by ultracentrifugation at 80,000 rpm for 60 min at 48C (TLA 110 rotor; Beckman). Laemmli (1970) , and protein gel blotting was performed using a semidry electroblotter (Hoefer) as described (Bjerrum and Heegaard, 1988) . Protein gel blot analysis was performed as described previously . BN-PAGE was performed according to Schä gger et al. (1994) with few alterations. Acrylamide gradient gels (5 to 20%) with 4% overlay were run at 35 V for 1e h using cathode buffer (50 mM Tricine-Cl and 15 mM Bis Tris-Cl, pH 7.0) with 0.02% Coomassie Brilliant Blue G and continued for 3 h at 200 V with cathode buffer without Coomassie. Large (155 mm) gradient gels had a 4 to 16% acrylamide concentrations and were run for 16 h ( Figure  7B ). All steps were performed at room temperature. Samples were prepared by the addition of 0.25 volumes of a 5% solution/suspension of Serva blue G 250 in 500 mM «-amino-n-caproic acid and 100 mM Bis-Tris-Cl at pH 7.0, resulting in 1% Coomassie Brilliant Blue G, final concentration. Proteins were blotted to a polyvinylidene difluoride membrane (0.45 mm; Millipore) in the same buffer using the semidry approach as referenced above. Immunodetection with an anti-St SUT1 antibody was performed as described previously (Kü hn et al., 1997) . Calibration of the St SUT1 molecular mass was performed with a small 5 to 20% acrylamide gradient gel after 3 and 5 h run at 200 V in the presence of known marker proteins (Thyroglobulin, Ferritin, Catalase, Lactate Dehydrogenase, and BSA) according to Heuberger et al. (2002) .
Gel Electrophoresis and Protein Gel Blotting
SDS-PAGE was performed in accordance to
Chemical Cross-Linking and Immunoprecipitation
Chemical cross-linking experiments were performed with isolated PMVs from potato wild-type plants with the OPA cross-linker molecule as described , and 0.5 or 1 mL of 0.5% OPA was applied for 10 min at 308C to 170 mL PMV (2 mg/mL). The reactions were quenched with 25 mL of 1 M Tris-Cl, pH 8.0, for 20 min at 308C. After ultracentrifugation at 48C for 20 min at 80,000 rpm (TLA 110 rotor; Beckman) the pellets were resuspended in sample buffer used for SDS-PAGE analysis. Immunoprecipitation was performed using affinity-purified St SUT1-specific antibodies coupled to Sepharose A (Sigma-Aldrich) according to the manufacturer's protocol.
C-Sucrose Uptake in Yeast Cells
Uptake experiments were performed with yeast strain SUSY7 [Mata, suc2D::URA3, mal0, trp1, LEU2::P ADH1-SUSY (YIP128 A2)] as described elsewhere . Yeast cells were grown in liquid minimal medium containing glucose to an OD 600 of 0.8 to 1.0. Cells were collected by centrifugation, washed in 25 mM sodium phosphate, pH 7.0, and suspended in the same buffer to an OD 600 of 50. Cells were pretreated for 5 min with redox reagents, and uptake assays were initiated by adding glucose to a final concentration of 10 mM to yeast cells, 1 min prior to the addition of 14 C-sucrose (specific activity of the 14 C-sucrose stock: 600 mCi/mmol; purchased from Amersham Biosciences). Cells were collected by vacuum filtration on a 0.45-mm cellulose nitrate filter (Whatman) and washed with ice-cold 25 mM Na-phosphate supplemented with 10 mM sucrose. Radioactivity was determined in a liquid scintillation counter. Uptake experiments were performed at neutral pH to ensure stability of redox reagents if not indicated otherwise. Final concentrations of sucrose were adjusted to 1 mM with unlabeled sucrose in all experiments if not indicated otherwise (i.e., Figures 1E and 1F ). When appropriate, 10 mM CCCP was added 1 min before the start of the transport measurements.
Microscopy of Yeast Cells
Yeast cells were harvested by gentle centrifugation (3 min, 1000g) and immobilized either with 0.1% agarose or by settling on adhesion slides (Starfrost) for a few minutes and analyzed with GFP-specific filter settings with a CLSM TCS SP2 microscope (Leica). Redox reagents were added at 10 mM final concentration, 30 min before the analysis (Cys and cystine at 5 mM final concentration). O-phtahladehyde (0.05%) and methylb-cyclodextrin (30 mM) was applied 30 min before analysis.
Immunolocalization
Immunolocalization experiments were performed with fresh in vitrogrown tomato pollen tubes using SUT1-specific affinity-purified peptide antibodies as described earlier (Hackel et al., 2006) . Immunolocalization with longitudinal stem sections from potato plants was performed with fresh and unfixed hand-cut material as described by Wang et al. (1995) . Fresh hand sections were blocked for 30 min with PBS-milk 2.5% (w/v) and incubated overnight in the St SUT1 antiserum, washed for 30 min in PBS milk 2.5% (w/v), and incubated for 1 h in FITC-labeled secondary antibody (Wang et al., 1995) .
Embedded tissue was immunostained according to Kü hn et al. (1997) . Before fixation and dehydration, some tissue samples were preincubated for 1 h with 10 mM brefeldin A or with 10 mM brefeldin A and 10 mM cycloheximide. Confocal images were taken with the TCS SP2 confocal laser scanning microscope (Leica) using FITC-specific filter settings and excitation at 488 nm or in case of transmission pictures of semithin sections using the transmission photomultiplier (PMTTrans).
Electrophysiology in Xenopus laevis Oocytes
The cDNA encoding the sucrose transporter Zm SUT1 from Zea mays was subcloned in the high-expression vector pGEM-HE, which is based on pGEM-3Z (Promega) containing 59 and 39 untranslated sequences of the Xenopus b-globin gene flanking the transporter cDNA (Liman et al., 1992) . After plasmid linearization with NheI, cRNA synthesis was performed using the T7 mMessage mMachine kit (Ambion). Oocytes were obtained by partial ovarectomy from anesthetized Xenopus females, followed by treatment with Collagenase 1A (Sigma-Aldrich). Each oocyte was injected with 25 ng Zm SUT1 cRNAs and stored in ORI buffer (contents in mM: 110 NaCl, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , and 5 HEPES, pH 7.4) containing 50 mg/L gentamycin at 188C for 3 to 4 d. Currents were recorded by a two-electrode voltage clamp using a Turbotec 10CX amplifier (NPI instruments) and pClamp 7 software (Axon Instruments) at 21 to 238C. Solutions used were as follows: Solution A (contents in mM: 100 NaCl, 2 KCl, 2MgCl 2 , 0,2 CaCl 2 , and 10 HEPES/TMA, pH 7.4), Solution B (contents in mM: 100 NaCl, 2 KCl, 2MgCl 2 , 0,2 CaCl 2 , and 10 MES/Tris, pH 5.5). Transporter currents were evoked with Solution B containing 20 mM sucrose. Solutions containing in addition 1 mM GSSG were freshly prepared at the day of each experiment.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: SUT1 from S. tuberosum (X69165), SUT1 from S. lycopersicum (X82275), and SUT1 from Z. mays (AB008464).
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